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Cysteine proteinases and their inhibitors ‘cystatins’ play 
essential roles in plant growth and development. They are 
involved in various signaling pathways and in the response 
to wide ranges of biotic and abiotic environmental stresses. 
To investigate their possible influence from D-amino acids 
or their metabolism in vivo, Arabidopsis seedlings were 
allowed to grow under four physico-chemically different 
D-amino acids including D-aspartate, D-serine, D-alanine 
and D-phenylalanine containing media. The reverse 
transcription polymerase chain reaction (RT-PCR) analysis 
of cysteine proteinase and cystatin gene expressions showed 
that the addition of D-amino acid to the plant growth media 
considerably induce the expression of proteinase transcript 
while decrease the expression level of inhibitor gene in the 
leaf and root tissues of the test plant in overall. Based on 
the obtained results the potential impact of D-amino acids 
or their metabolism on the activity of cysteine proteinase/
cystatin-dependent proteolytic apparatus as well as their 
possible cooperation were predicted and discussed in the 
plant system.
Key words: Arabidopsis, cystatin, cysteine proteinase, 
D-amino acid, RT-PCR.
Introduction. In plants, proteolysis is a complicated 
process in which many enzymes and proteolytic 
pathways are involved. Cysteine proteinases (CP) 
referred to as thiol proteases are known to play an 
essential role and share in total proteolysis from 30 
to 90 % depending on the cellular conditions [1, 
2]. CP enzymes are involved in protein maturation, 
degradation, protein rebuilt in response to different 
internal and external stimuli, continuous removal 
of protein abnormalities and mis-foldings during 
plants growth and developmental stages [3, 4]. In 
each case, the hyperactivity of CP enzymes leads to 
severe cellular disturbance. Therefore, proteolysis 
process is highly regulated. Cells or whole organ-
isms have developed various strategies to protect 
themselves against undesired proteolysis. One of 
the common strategies is the control of proteolytic 
activity by inhibition [5]. It has been suggested that 
the CP-based proteolysis is regulated by the activity 
poised between the cysteine proteinases and their 
proteineous inhibitors referred as cystatins [6]. Re-
cently, it has been reported that the cysteine pro-
teinase and cystatin interactions determines their 
mutual participation in specific pathways including 
anabolic and catabolic processes, different signaling 
pathways and responding to various biotic and abi-
otic environmental stresses throughout the plants 
life [7]. 
Cystatins constitutes the largest and well char-
acterized group of natural CP inhibitors (CPI) in 
plant system [8–10]. These proteineous inhibitors 
have been known to bind adjacent to the prote-
ase active site, obstructing the access of substrate, 
but they do not directly interact with the enzyme 
catalytic centre [15]. Cystatins mostly direct their 
inhibitory actions against the papain superfam-
ily members found in a wide range of organisms 
including viruses, bacteria, plants and animals [5, 
12]. The plant cystatins differ from microorgan-
isms or animal types. They are generally named 
as «phytocystatins». Like all members of the cys-
tatin super-family, phytocystatins contain three 
conserved regions («G» residue at the N-terminus, 
«Q×V×G» and «W» at the C-terminus) that interact 
with cysteine proteinase molecular structures, but 
they differ from non-plant types due to the presence 
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of a plant-specific sequence, [LVI]-[AGT]-[RKE]-
[FY]-[AS]-[VI]-x-[EDQV]-[HYFQ]-N located in 
an N-terminal Į-helix region [13, 14].
A survey of cystatins and cysteine proteinases in 
plants has suggested the conservation and evolution 
of the cystatin inhibitory family and their putative 
targets, the papain-type cysteine proteinases from 
families C1A and C13. Functionality of both fami-
lies of proteins in plants was predicted to be the 
result of a coevolutionary process that might have 
occurred during the evolution of basal and land 
plants leading to a complex functional relationship 
among them [7, 15].
Plant papain-type proteinases are the most 
abundant and widely investigated family of cyste-
ine proteases. These proteases are synthesized as 
inactive precursors and then their activation take 
place by limited intra or intermolecular proteolysis 
[16]. Genome annotation and sequence similarity 
search data has revealed that Arabidopsis encodes 
32 papain-type (C1 family) cysteine proteinases 
which are classified into eight main groups con-
sisting of senescence and stress induced, aleurain, 
cathepsin-b like, bromelain-like, KEDL, telose-
quences and actinidain-like proteinases [2, 17]. 
This papain-type CP family was recently found 
to be important player in Arabidopsis immunity 
against pathogen infections [18].  
Although the full physio-biological functions of 
plant cysteine proteinases and cystatins remain ob-
scure, but studies on their gene expression patterns 
have been suggested that they may play important 
roles in plant system such as the regulation of seed 
maturation and germination, participation in the 
defense mechanism against pathogen attacks or 
against different abiotic environmental stresses such 
as drought, salt and heat and modulating the phe-
nomenon of programmed cell death (PCD) during 
plant development and senescence [6, 19–21]. 
We predicted that the proteolytic pathway en-
zymes may be naturally influenced from the other 
metabolic pathways such as D-amino acid metabo-
lizing rout in plants. Similar to proteolytic enzymes, 
D-amino acids and their metabolic enzymes have 
been known to be involved in a number of bio-
logical processes such as aging and tissue/organ 
growth and developments in mammalians [22, 23]. 
Using gene expression data, the possible contribu-
tion of D-amino acids and their related enzymes 
in some biological processes and in response to a 
number of environmental stresses such as drought 
have also been later on suggested in plant systems 
[23]. Although, the recent reports have demon-
strated that the engineered D-amino acids and their 
synthetic derivatives affect the CP/CPI-dependent 
proteolytic activities [24, 25], but, there is no any 
information to our knowledge about the possible 
natural correlations that may be present between 
the proteolytic and D-amino acid metabolic routs, 
still yet. 
In the present study, as an initial research work, 
our attempts were made to: 1) sketch in the basic and 
the quantitative RT-PCR based expression profiles 
of Arabidopsis papain-like proteinase (Accession no. 
At3G54940) and a cystain type inhibitor (Accession 
no. AF411786) in two different organs including 
leaves and roots, simultaneously; 2) study on the 
RT-PCR based expression profiles of papain-like 
and cystatin genes in the presence of D-amino acid 
containing media that may help us to understand 
about the possible functional relationships between 
D-amino acid metabolism and CP/CPI based pro-
teolytic pathway in plant system.
Materials and methods. Bacterial strains and 
chemicals. E. coli strain DH5Į was used for the 
bacterial transformation. pGEM-T Easy vector sys-
tem I from Promega (Cat. No. A1360) was used 
for the PCR product cloning. Trizol reagent used 
for total RNA isolation was purchased from Gibco 
BRL, USA (Cat. No. 15596-013). The mRNA mi-
ni preparation kit was from QIAGEN, USA (Cat. 
No.70022). AcessQuickTM RT-PCR System was 
purchased from Promega (Cat. no. A1701). iQ 
SYBR green supermix was from Bio-Rad, USA. 
Restriction enzymes, Taq DNA polymerase, buf-
fer, dNTPs, and MgCl2 used for PCR amplification 
were provided by CinnaGen Company. In order 
to purify the PCR end product from the agarose 
gel materials, Fermentas DNA extraction kit (Cat. 
No. K0513) was used. All the other chemicals were 
of analytical and molecular biology grades and pur-
chased from Merck AG (Darmstadt, Germany) or 
Sigma (St. Louis, MO, USA).
Plant materials and growth conditions. The seeds 
of Arabidopsis thaliana (thale cress) were provided 
by Dr B. Baghban Kohnehrouz (Laboratory of 
Plant Genetic Engineering, Department of Plant 
Breeding and Biotechnology, University of Tabriz, 
Iran). The seeds were germinated up to seedling 
stages, and then each seedling separately transferred 
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to the nitrate-free Hoagland solution containing 
1000 ppm (1 g/L) D-amino acid as nitrogen source. 
Four different amino acids including D-aspatate, 
D-serine, D-alanine and D-phenylalanine were 
considered for the analysis. Each medium included 
only one type of amino acid. The experimental 
materials were collected from the fresh leaf and 
root tissues after one week and proceeded for the si-
multaneous RNA isolation and RT-PCR reactions.
Total RNA isolation and mRNA purification. To-
tal cellular RNA was isolated from the leaf and root 
materials using Trizol reagent, separately. 0.2 g of 
each test material was powdered using liquid N2 
and 2 ml of Trizol reagent was added to homog-
enize it at room temperature (RT). Then, 200 l of 
chloroform was added to the mixture, mixed for 15 
second, incubated on ice for 5 min and centrifuged 
at 13 000 g for 15 min. The upper phase was trans-
ferred to another tube and RNA was precipitated 
with an equal volume of isopropanol. The pellet was 
washed in 1 ml of 75 % ethanol, dried at RT and 
dissolved in 30 l RNase-free water. The integrity 
of the RNA was tested on 1 % non-denaturing aga-
rose gel using TBE running buffer. Poly(A+) RNA 
was purified from prepared total RNA using oligo 
dT-columns according to the provided kit protocol. 
The integrity of the purified mRNA was also ana-
lyzed by electrophoresis using 1 % non-denaturing 
agarose gel. The quantity of the RNA in the starting 
materials for the next experiments was measured 
spectrophotometrically [26].
Primer Designing. The specific primer sets for the 
amplification of Arabidopsis papain-like cysteine 
proteinase and a cystatin cDNA were designed 
based on their already reported sequences (The 
EMBL accession numbers for papain-like and cys-
tatin sequences were At3G54940 and AF411786, 
respectively). The sequence-specific primers for CP
(Fw, 5ƍCGATAACAGCGATCATGGTG3ƍ; Rv, 
5ƍGAAACTTGGGTGGCTACTGC3ƍ) and CPI 
(Fw, 5ƍGAAAATGGCGGATCAACAAG3ƍ; Rv, 
5ƍACATCGTGATGGTGGTTGAA3ƍ) were de-
signed by Primer3 software (http://www. Primer-
3plus.com). 
RT-PCR Reactions. The RT-PCR reactions were 
separately performed for each test samples using 
one-step AcessQuickTM RT-PCR System. 0.5 g of 
each mRNA sample was mixed with 25 l Master 
Mix (2x) and 1 l of primer set (at the final con-
centration of 0.2 M). The mixtures were adjusted 
to a final volume of 50 l using nuclease-free wa-
ter. The reaction mixtures were incubated at 45 °C 
for 45 min, the subsequent PCR amplification was 
carried out after a pre-denaturation stage at 95 °C 
for 3 minutes in 25 cycles. The PCR cycles for CP 
and CPI amplifications were performed according 
to the following programs, respectively: «denatu-
ration at 93 °C for 30 s, annealing at 55 °C for 
2 min, extension at 72 °C for 1 min, final extension 
at 72 °C for 10 min» and «denaturation at 93 °C 
for 1 min, annealing at 56 °C for 1.5 min, exten-
sion at 72 °C for 2 min, final extension at 72 °C 
for 10 min». 
In the next step, the amplified products were 
extracted from the agarose gel, cloned in pGEM-
T easy cloning vector [37]. The cloned fragments 
proceeded for the partial sequencing in Microsynth 
DNA sequencing center at Switzerland.
Real-time RT-PCR reactions. The real-time RT-
PCR reactions were analyzed by using iQ SYBR 
green dye on Miniopticon Real Time PCR Detec-
tion System (Bio-Rad, USA). Each sample was 
performed in three replicates and the mean values 
of the data were presented. All the data were nor-
malized by actin reference gene expression values 
in the test samples and the relative fold expression 
was calculated using the 2–DDCt value [27].  
Sequence Analysis. To ensure that the amplified 
products are corresponding to our sequences of 
interest, the nucleotide and deduced amino acid 
sequences of the isolated cDNA were analyzed 
by computing at BLAST (Basic Local Alignment 
Search Tool; http://www.ncbi.nlm.blast.com/).
Results and discussion. Using gene expression 
technologies, plant cysteine proteinases (CP) and 
their inhibitors (CPI) have been suggested to be con-
tributed in many biological processes in a regulative 
manner. They are mostly involved in protein turn-
overs, programmed cell death and protein degrada-
tions in response to several internal developmental 
shifting and external stressful environments [4, 28]. 
Wounding, low or high temperatures, drought, high 
salinity and diseases have been reported to alter the 
expression patterns of CP and CPI genes [28, 29]. 
In senescing and developing plants as well as in 
germinating seeds, the CP/CPI gene activities have 
been shown to be regulated [19, 21]. 
Besides the gene expression alterations, the bi-
molecular fluorescent complementation data analy-
sis have newly demonstrated that the CP and CPI 
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molecules are interacted in a regulated manner and 
participate in the same bio-physiological processes 
[7]. Also the relative activities poised by the protein-
ases and inhibitors have been suggested to deter-
mine their regulated function in vivo [6]. The rela-
tive enzymatic and inhibitory activities of CP/CPI 
proteolytic pair have been recently reported to be 
influenced from several non-natural D-amino acid 
derivatives [24, 25]. These compounds are known 
to increase the inhibitory activity of inhibitor mol-
ecules and relatively decrease the protease activity 
in the treated cells or tissues. 
In the present study, we aimed to investigate 
the possible effects of exogenously applied D-ami-
no acids on the expression patterns of Arabodop-
sis papain-like proteinase and a cystatin, simul-
taneously. For this purpose, four structurally and 
physico-chemically different D-amino acids in-
cluding D-aspartate, D-serine, D-alanine and D-
phenylalanine were considered as nitrogen source 
for test plant seedlings. Seedlings were allowed to 
grow in nitrate-free Hoagland solutions containing 
1000 ppm D-amino acids, separately. After one 
week, experimental materials were simultaneously 
collected from the leaf and root tissues of growing 
plants and subjected to the gene expression studies.
The Cp/CPI pair was selected according to their 
computational predictable interactive structures 
(Fig. 1). Using molecular docking analysis data, the 
interaction energy between this pair was predicted 
to be 19559.2 kcal/mol. This interactive structure 
was also found to be the most popular model be-
tween Arabidopsis papain-type Cp/CPI molecules. 
The expression of CP and CPI transcripts were 
detected by RT-PCR and real-time RT-PCR meth-
ods using the same amounts of the starting mRNA 
materials for all of test samples. Analysis of the 
RT-PCR end products showed that the expression 
patterns of CP and CPI are considerably influenced 
from the D-amino acid containing growth media. 
In the medium without D-amino acids, the ex-
pression of CP was detected in both leaf and root 
tissues, but CPI transcript was only observed in the 
leaf tissues. The results failed to show evidence of 
CPI gene expression in the root materials. Analysis 
of the 2–DDCt values reliably revealed that there is 
about 3.2 fold increase in the expression level of leaf 
CP gene as compared to the root sample (Fig. 2). 
The partial nucleotide sequences of the amplified 
CP and CPI fragments were analyzed by BLAST 
Fig. 1. Presentation of CP/CPI interactive structure. The 
interaction between the test CP and CPI molecules were 
predicted by using computational molecular docking
Fig. 2. Expression analysis of CP/CPI genes in the 
leaf and root tissues: a – the expression of papain-like 
proteinase and cystatin transcripts were detected by RT-
PCR reactions in the leaves and roots of Arabidopsis test 
plants grown in D-amino acid free Hoagland solutions. 
Electrophoresis was carried out using 1 % non-denaturing 
agarose gel; b – quantitative expression analysis of Cp/
CPI genes was performed by real time RT-PCR using iQ 
SYBR Green dye. Data were normalized by actin and 
related to leave samples using 2–DDCt value. Here and 
Fig. 3–6: lCP – leaf CP; rCP – root CP; lCPI – leaf 
CPI; rCPI – root CPI; M – EcoRI and HindIII double 
digested DNA markers; CP – cysteine proteinase; CPI – 
cysteine proteinase inhibitor
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and their complete identity with the already reported 
sequences were confirmed by CLASTAW (the se-
quences and the alignment results not presented).
In D-aspartate containing medium, the expres-
sion patterns of CP and CPI were found to be the 
similar to the D-amino acid free media, while the 
relative levels of their expression were consider-
ably different (Fig. 3). In compare to the samples 
of the D-amino acid free medium (considered as 
control), the expression levels of CP in D-aspartate 
plus medium were increased in both root and leaf 
tissues. The folds increase in the CP levels of leaf 
and root samples were found to be about 1.9 and 
2.1, respectively. In contrast, the CPI gene expres-
sion in the leaves of D-aspartate plus medium was 
decreased about 50 % as compared to the samples 
collected from D-amino acid free medium. 
In D-serine containing medium, the patterns 
and the levels of the root CP and CPI expressions 
were found to be the same as for the samples col-
lected from the D-amino acid free medium, while 
the expression of CP/CPI in the leaf samples were 
different. The leaf CP showed the same expression 
pattern, but no expression signal was detected for 
the CPI gene (Fig. 4). 
Comparison of the CP/CPI gene expressions in 
D-alanine plus and D-amino acid free media showed 
that root CP is increased to about 2 fold, but the leaf 
CP remained the same. Analysis of CPI expression 
level showed that leaf CPI gene expression is about 
50 % decreased, but the root CPI gene expression is 
not detectable as the same as control (Fig. 5).
In D-phenylalanine containing medium, the ex-
pression levels of leaf and root CP showed about 
2.4 and 2.1 fold increases, respectively. Analysis of 
the expression of CPI gene revealed that its patterns 
and the levels remained as the same as the controls 
in both leaf and root tissues (Fig. 6). 
In overall, analysis of the expression data re-
lated to the samples collected from the D-amino 
acid containing media indicated that the expression 
patterns of the CP and CPI genes are similar to 
the samples of D-amino acid free medium, but the 
levels of their expressions are differential. 
This study for the first time reports the expres-
sion analysis of cysteine proteinase and its potent 
inhibitor in plant system, simultaneously. Previ-
ously, the expression patterns of CP or CPI have 
been individually investigated and suggested their 
potent effects on various developmental processes 
Fig. 3. Effects of D-aspartate on the expression of CP/ 
CPI genes: a – the expression of CP and CPI transcripts 
were analyzed by RT-PCR method from Arabidopsis test 
plants grown in Hoagland solutions containing 1000 
ppm D-aspartate; here and Fig. 4–6 b – the expression 
levels of CP/CPI related to the D-amino free media 
using 2–DDCt value in real-time PCR 
Fig. 4. Effects of D-serine on the expression of CP/CPI 
genes: a – comparative expression analysis of CP and CPI 
genes were carried out by RT-PCR in the test plants grown 
in Hoagland solutions containing 1000 ppm D-serine
ISSN 0564–3783. Öèòîëîãèÿ è ãåíåòèêà. 2015. Ò. 49. ¹ 28
A. Gholizadeh
as well as on different responses against stressful 
environmental stimuli [4, 18, 28]. However, our 
simultaneous studies firstly revealed that the expres-
sion pattern of CP is different from that of CPI in 
two different organs of test plants. Secondly, the 
overall obtained results indicated that CP gene is 
highly active than CPI gene in both organs. This 
may reflect the wide regulation of CPI inhibitory 
activity by the natural or non-natural compounds. 
The various synthetic and non-natural deriva-
tives of D-amino acids have been previously known 
to activate the inhibitory function of CPI [25]. An 
engineered CPI molecule with D-amino acid resi-
dues has also been shown to get higher inhibitory 
activity towards human immunodeficiency virus 
(HIV) proteinase [24]. 
Our present studies on gene expression pat-
terns confirmed that D-amino acids of plants 
growth media have different effects on gene ac-
tivities and the expression levels of CP and CPI. 
In overall, our data revealed that D-amino acids 
of the growth media could able to increase the 
CP expression level, while decrease the CPI tran-
script level. This result is interesting and it may 
have two explanations: 1) D-amino acids of the 
growth media are possibly transferred to the plant 
cells and directly inhibit the activity of proteinase 
enzyme, or D-amino acids are firstly metabolized 
and then their metabolites exhibit the inhibitory 
activity towards proteinase; 2) D-amino acids or 
their metabolites are able to increase the inhibi-
tory activity of the CPI molecule and therefore 
indirectly affect the proteinase activity. Since, 
the expression levels of CPI were detected to 
be very low as compared to CP, therefore both 
the possibilities are predicted and need for more 
clarifications. 
Among the test D-amino acids, D-serine was 
found to have more differential and considerable ef-
fects on CP/CPI gene expressions. It not only does 
not increase the expression level of CP transcript 
but also completely inhibit the expression of CPI 
gene. This result may suggest the importance of D-
serine and its possible regulatory roles as compared 
to other test D-amino acids in plant system.  
Although, plants have been found to take up 
different D-amino acids from their root system, but 
how plants are able to metabolize these compounds 
still remains as a puzzle. However, studies reported 
the presence of different metabolic pathways for D-
Fig. 5. Effects of D-alanine on the expression of CP/ 
CPI genes: a – RT-PCR based expression analysis of 
CP and CPI genes were carried out in test plants grown 
under D-alanine containing media
Fig. 6. Effects of D-phenylalanine on the expression 
of CP/CPI genes: a – the expression patterns of CP 
and CPI genes were analyzed by RT-PCR method from 
plants grown in Hoagland solutions containing 1000 
ppm D-phenylalanine
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amino acids in plant system [30]. On this base, our 
results may suggest the possible roles of D-amino 
acids or their natural metabolites in CP/CPI activ-
ity that can be comparable to the roles of the syn-
thetic or non-natural derivatives of D-amino acids. 
Conclusion. The potential effects of D-amino 
acids or their natural metabolites on the activity of 
proteolytic CP/CPI were predicted. However, this 
prediction is recommended to be investigated in 
details and compared to the already approved roles 
of non-natural compounds of D-amino acids with 
regard to the proteolytic system in plants.           
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Öèñòåèíïðîòåèíàçû è èõ èíãèáèòîðû öèñòàòèíû 
èãðàþò ñóùåñòâåííóþ ðîëü â ðîñòå è ðàçâèòèè ðàñ-
òåíèé. Îíè âîâëå÷åíû â ðàçëè÷íûå ñèãíàëüíûå ïó-
òè è â îòâåò íà øèðîêèé ñïåêòð áèîòè÷åñêèõ è 
àáèîòè÷åñêèõ ñòðåññîâ. Äëÿ èçó÷åíèÿ âîçìîæíîãî 
âëèÿíèÿ íà íèõ D-àìèíîêèñëîò èëè èõ ìåòàáîëèçìà 
in vivo ïðîðîñòêè Arabidopsis âûðàùèâàëè íà ñðåäàõ â 
ïðèñóòñòâèè ÷åòûðåõ ôèçèêî-õèìè÷åñêè ðàçëè÷íûõ 
àìèíîêèñëîò, âêëþ÷àÿ D-àñïàðòàò, D-ñåðèí, D-àëà-
íèí è D-ôåíèëàëàíèí. RT-PCR àíàëèç öèñòåèí-
ïðîòåèíàçû è ýêñïðåññèè ãåíà öèñòàòèíà ïîêàçàë, 
÷òî äîáàâëåíèå D-àìèíîêèñëîò â ñðåäó äëÿ âûðà-
ùèâàíèÿ ðàñòåíèé çíà÷èòåëüíî èíäóöèðîâàëî ýêñ-
ïðåññèþ òðàíñêðèïòîâ ïðîòåèíàç, â òî æå âðåìÿ 
ñíèæàÿ óðîâåíü ýêñïðåññèè ãåíà-èíãèáèòîðà â òêà-
íÿõ ëèñòüåâ è êîðíåé èññëåäóåìûõ ðàñòåíèé. Íà 
îñíîâàíèè ïîëó÷åííûõ ðåçóëüòàòîâ îáñóæäàåòñÿ ïî-
òåíöèàëüíîå âëèÿíèå D-àìèíîêèñëîò èëè èõ ìåòà-
áîëèçìà íà àêòèâíîñòü â öèñòåèíïðîòåèíàçà/öèñòà-
òèí-çàâèñèìîì ïðîòåîëèòè÷åñêîì ïóòè, à òàêæå èõ 
âîçìîæíîå âçàèìîäåéñòâèå â ðàñòèòåëüíîé ñèñòåìå. 
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